Enzymatic hydrolysis of palm kernel cake to improve the quality of substrates with multi-response criteria based on the Taguchi orthogonal array. Nine experimental runs were performed based on an L9 orthogonal array. Percent substrate, incubation time, and enzyme units were optimized considering multiple performance characteristics. Analysis of variance was also applied to identify the most significant factors. Results determined percent substrate as the most important factor for enzymatic hydrolysis followed by incubation time and enzyme units. Enzymatic hydrolysis conditions were optimized as percent substrate, incubation time and enzyme units at 14%, 6 h and 750 units, respectively. Tests were conducted to compare experimental and model results. The experimental result (protein release) at optimal condition were three times higher than the predicted mode.
Introduction
Rapid growth of the palm oil industry in Thailand has resulted in an abundance of palm kernel cake (PKC) as a byproduct. A total of 10,944,000 tons of palm oil were produced by Thai palm oil millers in 2016 (OAE 2017) . With the sustainable growth of palm oil in global markets, the amount of PKC has increased annually and its utilization as a source of valuable ingredients represents a significant economic and social benefit.
As a byproduct from palm kernel oil extraction, PKC provides moderate nutrition containing 14-18% crude protein (CP) and 13-15% crude fiber (CF) and is commonly used in ruminant diets as a protein source. However, PKC use is limited in monogastric animal diets as it contains mannan and non-starch polysaccharide (NSP) mainly mannan. Jaafar and Jarvis (1992) reported that the cell wall of PKC consists of 58% mannan, 12% cellulose and 4% xylan. Mannan, structure of PKC mannan, is hard and crystalline. Moreover, PKC have lack of several essential amino acids and high viscosity which have been proven to decrease nutrient uptake (Sundu and Dingle 2007) . Mannanase, involved in the hydrolysis of linear mannans (pure mannan and glucomannan) (Chauhan et al. 2012) , is mixed in animal feeds to increase digestion of NPS and improve nutrient utilization. Mixing mannanase into these diets results in decreased intestinal viscosity (Dhawan and Kaur 2007) .
β-mannan and non-starch polysaccharide (NSP) have antinutritional properties that hinder the full utilization of nutrients in PKC by monogastric animals. Most mannan in PKC consists of a (1-4)-linked β-mannose backbone; however, small amounts of mannan with (1-6)-linked α-galactose (galactomannan) are also present and galactose substitution is low at 12-20% (Düsterhöft et al. 2006) . Consequently, inclusion of 2-4% β-mannan slows growth and reduces feed efficiency to 20-30%. Therefore, removal of mannan in PKC is necessary. Addition of enzymes that digest β-mannan in feed ingredients can improve animal weight gain and feed efficiency. Enzymes widely used by the industry are hemicellulases that cleave the non-starch polysaccharide in viscous cereals (Ravindran and Son 2011) .
PKC is classified as a medium grade protein feed because it contains 14.6-16.0% crude protein (Chin 2008) . Due to its protein content and low cost, PKC is used for feed ingredient instead of soybean meal and other more expensive plant-proteins. However, PKC contains 30-35% β-mannan which is a strong anti-nutritive factor for monogastric animals. Degradation of β-mannan in PKC by an appropriate enzyme, therefore, releases sugars, manno-oligosaccharides, proteins and other nutritional values that can be absorbed and metabolized by monogastric animals. The application of such enzymatic hydrolysis can increase 30% mannose. Ng and Mohd Khan (2012) described an extract of PKC with a protein content of 68.50%. Therefore, preparation of PKC using physical, chemical, steam pretreatment or enzymatic hydrolysis can increase nutrient content and suitability as a feed additive for monogastric animals.
The feed enzymes market now amounts to US$150 million and 65% of poultry and 10% of swine feed already contain enzymes such as carbohydrases or phytase (van Beilen and Li 2002) . Commercial mannanase has been widely used in animal feed to digest β-mannan and release nutritional value. A commercial mannanase was added in feedstuff to digest β-mannan in soybean meal and other plant protein such as sesame meal and cotton meal. Commercial mannanase is particularly effective with diets rich in soybean meal, sesame meal, palm kernel cake, copra meal, and guar meal which are high in β-mannan content. These enzymes contain β-mannan and xylanase as the primary active ingredients and act by degrading the anti-nutritive β-mannan (Dhawan and Kaur 2007) . The aim of this research was to improve nutrient utilization of PKC as a feedstuff by enzymatic hydrolysis.
Materials and methods

Preparation of palm kernel cake
PKC from a palm oil factory in Southern Thailand was sieved through a 1-mm aperture mesh, then ground using a Braun coffee grinder for 10 min and re-sieved. This process was repeated twice. Materials that did not pass through the mesh after the third grinding were discarded.
Bacterial strain and culture condition
Bacillus amyloliquefaciens NT6.3, isolated from soil in Nakhon Pathom, Thailand (Phothichitto et al. 2006) , at − 80 °C in medium containing 20% (w/v) glycerol was streaked for single colonies on medium agar. One colony from the overnight cultures was inoculated into 5 ml of medium and grown overnight at 37 °C, 250 rpm. The culture was transferred to a 250 ml Erlenmeyer flask containing 100 ml of LB medium as a starter.
Enzyme production using fermenter, enzyme harvest and determination of mannanase activity A mineral salt medium was prepared according to the modified method of Ijah and Ukpe (1992) , containing 0.018 (g/l) K 2 HPO 4 , 0.012 (g/l) KH 2 PO 4 , 0.04 (g/l) NH 4 NO 3 , 0.002 (g/l) MgSO 4 .7H 2 O, 0.001 (g/l) NaCl, 0.0001 (g/l) 0.00001 and 1% PKC and used as control for mannanase production. Supernatants of the culture medium were collected by centrifuging at 4 °C, 8000g for 20 min and kept at − 20 °C until used. Enzymes were assayed for mannanase activity in a reaction mixture containing 0.5 ml of 50 mM optimal pH and 1% locust bean gum with 0.5 ml of supernatant and incubation at a suitable temperature for 60 min. Amount of reducing sugar released was determined by the dinitrosalicyclic acid (DNS) method (Miller et al. 1959) . The thermal stability of the enzyme was incubation at 50 °C at various times. Residual activities were determined at its optimal condition using the dinitrosalicyclic acid (DNS) method.
Optimization of enzymatic hydrolysis from palm kernel cake
Factors of PKC that affect enzymatic hydrolysis include percentage of substrate, incubation time and enzyme units. The level of each factor was varied.
To determine the optimal value, PKC was hydrolyzed by 500 units of mannanase with substrate percentage at 1, 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20 . Different levels of substrates were incubated in 0.1 M phosphate buffer pH 6 at 50 °C for 2 h. All supernatants were measured for nutrient release as reducing sugar, total sugar, and protein content. Reducing sugar assays (AOAC 2005) require hydrolysis of oligo-and polysaccharides to allow measurement of released monosaccharides from the supernatants. For total sugar, the supernatants were determined by the phenol-sulfuric acid method (DuBois et al. 1956 ) at maximum absorption wavelength (490 nm). Protein release was measured by the Bradford protein assay (Bradford 1976) .
To optimize incubation times, 12% PKC was hydrolyzed by 500 units of mannanase at 2, 4, 6, 8, 10 and 12 h. Different conditions were incubated in 0.1 M phosphate buffer pH 6 at 50 °C. All supernatants were measured for nutrient release.
To optimize the enzyme units of both substrates, 12% PKC was hydrolyzed with 125, 250, 500, 750 and 1,000 units and incubated in 0.1 M phosphate buffer pH 6 at 50 °C for optimal incubation time (4 h). All supernatants were measured for nutrient release.
The performance derivable from a design should be ranked as the best case out of all which must be satisfied.
This observation allows Taguchi methods to be extended to designs which have such necessity requirements by defining the signal-to-noise ratio (S/N) for all nutrients as:
where n is the representative number of measurements (9 in our case), and y is the experimental value.
After completing each factor test, an orthogonal experiment was carried out to determine interaction between the three factors with three levels of each. Combinations of experimental factors were chosen from an L9 (3 3 ) orthogonal test table to determine the optimal hydrolysis conditions of each substrate.
Chemical analysis
PKC and PKC hydrolysate, dried by a lyophilizer, were analyzed for pepsin digestibility following the method of Eggum et al. (1983) , with proximate analysis using the 
Statistical analysis
All data were analyzed by the statistical software package SPSS version 17. Statistical significance was determined by one-way analysis of variance (ANOVA). All differences were considered by significant at P < 0.01 and P < 0.05. S/N = − 10 log (MSD), MSD = 1/y 1 2 + 1/y 2 2 + ⋯ + 1/y n 2 ∕n,
Results and discussion
Effect of substrate percent on enzymatic hydrolysis
Substrate percent plays an important role in hydrolysis of PKC (Fig. 1) . Nutrient release of PKC, reducing sugar and total sugar from enzymatic hydrolysis increased when substrate percent increased. Protein release increased when substrate percent increased, but decreased at 14% and 16%. At 14% and 16% of PKC were deposited on the bottle. The interaction between substrate and enzyme decreased due to the difficulty of enzyme to bind with substrate. Moreover, when substrates increase over 16% enzyme could not hydrolyze PKC because PKC absorbed all buffer. Mannanase enzyme, kind of hydrolase, is commonly used as biochemical catalysts that utilize water to break a chemical bond, without water mannanase then loss its efficient in hydrolysing substrate. This phenomenon was normally happened for insoluble substrates. Therefore, it was not necessary to use substrate at more than 16% to conduct the experiments.
Effect of incubation time on enzymatic hydrolysis
Nutrient release was highest at 4 h for PKC hydrolyzed with mannanase (Fig. 2) . Mannanase activity significantly decreased after 6 h incubation (data not shown) and it was not necessary to hydrolyze the substrate for more than 6 h. Thus, 6 h was selected as the highest level of incubation time using Taguchi orthogonal design.
The effect of enzyme units
According to Fig. 3 , at different levels of enzyme units, nutrient release of PKC gradually increased. However, Fig. 1 The effect of percent substrates on nutrient release toward PKC nutrient release at 1000 units was nearly the same as at 750 units so it was not necessary to use enzyme at 1000 units. On the basis of this single factor experiment, the condition for hydrolyzing PKC was optimized by Taguchi orthogonal design. Nutrient release differed according to percent substrate, incubation time, and enzyme units (Fig. 4) . Factors were selected to determine the optimal extraction conditions based on the single factor experiment. Factors and experimental results are listed in Table 1 . Substrates were 10%, 12% and 14%, incubation times 2 h, 4 h and 6 h and enzyme units 250, 500 and 750.
Orthogonal optimization for enzymatic hydrolysis parameters
An orthogonal table was referred to in orthogonal design. From the preliminary experimental data, three parameters (factors) were set at three levels. Table 1 shows that for reducing sugar and total sugar, effects of the three influencing factors on nutrient release followed percent substrate > incubation time > enzyme unit, whereas for reducing sugar and total sugar effects of the three influencing factors on nutrient release were incubation time > enzyme unit > percent substrate. Results of experiments on PKC hydrolysate concluded that all nutrients differed according to diverse percent substrate, incubation time and enzyme units (Table 1) . Of the three nutrients measured, protein release was the main criterion because PKC hydrolysate is a protein source for monogastric animals. Therefore, the predicted condition was conducted based on protein release. All data were analyzed and optimal conditions predicted for hydrolyzing PKC. All nutrient release were the nutrients that were not necessary to digest in intestinal system and animal can absorb directly. To determine the relationship between independent and dependent variables, regression analysis is necessary (Kivak 2014) . Here, the dependent variable was Fig. 2 The effect of incubated time on nutrient releases toward PKC Fig. 3 The effect of enzyme unit on nutrient releases toward PKC the protein release of PKC, one of all nutrient releases and main criteria, while independent variables were percent substrate, incubation time and enzyme unit. The predicted equation obtained by the linear regression model of PKC protein release in terms of coded factors was as follows:
where S is the percent substrate (%), T is the incubation time (h) and E is enzyme units (unit). R-squared = 68.9%, adj R-squared = 50.3%. common letters indicate highly significant differences (P < 0.01), 1, 2, 3 common letters indicate significant differences (P < 0.05) 1 3
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The predicted optimal condition of PKC hydrolysis from an orthogonal design was 14%, 6 h and 750 units at 90% confidence level with maximal nutrient release of reducing sugar, total sugar and protein at 65.91 ± 1.80 mg/ml, 294.59 ± 7.13 mg/ml and 46.70 ± 0.22 mg/ml, respectively, whereas the experimental optimal condition gave maximal nutrient release of reducing sugar, total sugar and protein at 100.94 mg/ml, 288.41 mg/ml and 58.60 ± 3.15 mg/ml, respectively. All nutrient releases of the experimental condition were higher than the predicted condition, indicating that the Taguchi method emphasized a mean performance characteristic value close to the target value, rather than a value within certain specification limits, thus improving product quality.
Chemical composition
Mannanase from B. amyloliquefaciens NT6.3 exhibited various enzyme activities other than mannanase including xylanase, glucanase, cellulase and amylase (data not shown).
These enzymes can open and destroy plant cell walls which are composed of many different kinds of polysaccharides including cellulose, hemicellulose, and galactomannans called non-starch polysaccharide (NSP) (Carpita et al. 2000) . NSP is an anti-nutrient for animal utilization and causes problems, especially in monogastric animals (Bedford 1995) . The use of enzymes increases the rate of nutrient digestibility (Bedford 1995) . For pepsin digestibility, 8 of 9 runs were significantly higher than raw PKC except for run no.4 (P < 0.05) ( Table 2) . Pepsin assay showed this difference and could be used to improve the digestibility of PKC. This indicated that mannanase destroyed or opened mannan structure as the main component in the plant cell wall and could increase nutrient digestibility and utilization.
Chemical compositions of PKC and PKC hydrolysate indicated that the latter was enriched by B. amyloliquefaciens NT6.3 in neutral detergent soluble (NDS), protein, starch, sugar, organic acids and pectin. On the other hand, nonstarch polysaccharides as fiber, carbohydrate, hemicellulose and cellulose decreased (Table 3) . Non-starch polysaccharides in PKC were linear mannans with very low galactose substitution (78% of total non-starch polysaccharides), followed by cellulose (12%) and small amounts of glucuronoxylans and arabinoxylans (3% each) (Düsterhöft et al. 2006 ). This indicated that mannanase enzymes from B. amyloliquefaciens NT6.3 could digest non-starch polysaccharide and open fiber structures to release nutrients.
Conclusions
Mannanase enzymes from B. amyloliquefaciens NT6.3 improved nutrient release of reducing sugar, total sugar and proteins. Nine Taguchi design experiments gave optimal condition of PKC hydrolysate as 14%, 6 h and 500 units, with predicted results 14%, 6 h and 750 units. Percent substrate was the most significant factor followed by incubation time and enzyme unit. Experiment results for optimal condition were higher than predicted for all nutrients with highest reducing sugar, total sugar and protein release at 100.94 mg/ ml, 288.41 mg/ml and 197.40 mg/ml, respectively. Therefore, PKC hydrolysate may be suitable as a novel feed ingredient for monogastric animals.
